Abstract-Space structures, such as the Space Station solar arrays, must be extremely light-weight, flexible structures. Accurate prediction of the natural frequencies and mode shapes is essential for determining the structural adequacy of components, and designing a controls system. The tension pre-load in the 'blanket' of photovoltaic solar collectors, and the free/free boundary conditions of a structure in space, causes serious reservations on the use of standard finite element techniques of solution. In particular, a phenomenon known as 'grounding', or false stiffening, of the stiffness matrix occurs during rigid body rotation. The authors have previously shown that the grounding phenomenon is caused by a lack of rigid body rotational capability, and is typical in beam geometric stiffness matrices formulated by others, including those which contain higher order effects. The cause of the problem was identified as the force imbalance inherent in the formulations. In this paper, the authors develop a beam geometric stiffness matrix for a directed force problem, and show that the resultant global stiffness matrix contains complete rigid body mode capabilities, and performs very well in the diagonalization methodology customarily used in dynamic analysis. 
Abstract-Space structures, such as the Space Station solar arrays, must be extremely light-weight, flexible structures. Accurate prediction of the natural frequencies and mode shapes is essential for determining the structural adequacy of components, and designing a controls system. The tension pre-load in the 'blanket' of photovoltaic solar collectors, and the free/free boundary conditions of a structure in space, causes serious reservations on the use of standard finite element techniques of solution. In particular, a phenomenon known as 'grounding', or false stiffening, of the stiffness matrix occurs during rigid body rotation. The authors have previously shown that the grounding phenomenon is caused by a lack of rigid body rotational capability, and is typical in beam geometric stiffness matrices formulated by others, including those which contain higher order effects. The cause of the problem was identified as the force imbalance inherent in the formulations. In this paper, the authors develop a beam geometric stiffness matrix for a directed force problem, and show that the resultant global stiffness matrix contains complete rigid body mode capabilities, and performs very well in the diagonalization methodology customarily used in dynamic analysis. 'blanket' of photovoltaic solar collectors. The solar arrays are deployed in orbit, and the blanket is stretched into position as the mast is extended during deployment. Geometric stiffness due to the tension pre-load in the blanket make this an interesting non-linear problem. A space station is subjected to various dynamic loads during shuttle docking, solar tracking, attitude adjustment, etc. Accurate prediction of the natural frequencies and mode shapes of the space station components, including the solar arrays, is critical for determining the structural adequacy of the components, and for designing a dynamic controls system. This paper has the following objectives:
1. To examine the directed force (bow-string) problem for its potential as a basis for developing stiffness matrices which possess rigid body rotational capabilities.
2. To check the performance of any new matrix which possesses a complete set of rigid body motion capabilities in the diagonalization/ partitioning methodology used in dynamic response.
In order to be cost-effective, space structures must be extremely light-weight, and subsequently, very GLOBAL FORMULATION OF BOW-5TRING flexible structures. The power system for Space Station Freedom [1] is such a structure. Each array
The authors developed a geometric stiffness matrix consists of a deployable truss mast and a split for a bow-string [2] using the equations of motion developed by Fertis and Lee [3] , and found that the resultant matrix did possess all the rigid body modes. However, it was shown that an assemblage of such elements did not correctly model a force directed between the end nodes.
Examination of a two-element model of traditional beam elements indicated that the only fictitous forces that occurred during rigid body rotation were the end shears required for equilibrium [4] . The shear at the center node was zero. The corresponding row in the geometric stiffness matrix was full, indicating that there is a relationship between the stiffness terms at each degree of freedom, and the shear at the center node.
Examination of the first and fifth rows, however, indicate that there is not any relationship between the end nodes. This is inherent in the assembly process and is contrary to the basic supposition that we are considering a problem where the applied forces remain directed between the end nodes.
Consider Argyris' methodology [5] for the directed force problem (Fig. I ). Let
If one neglects the change in the axial component of P that occurs during rotation, as is customarily done (P cos ,p ~P), we obtain the consistent geometric stiffness matrix, Suppose we retain the vertical component, P sin ,p, and use Argyris' approach to develop a load correction matrix. The load vector for this force becomes
The load correction matrix is generated using the equation which yields O.OOOOOOOooOD + 00
and [KDFC] becomes
It should be noted that small errors occur during the computations (initial data errors, roundoff errors, truncation errors, relative errors, etc.). The 2.54 x 10 6 term in the 3,3 position is due to the lack of rigid body rotation capability. The other non-diagonal terms should also be zero, but may be attributed to the above mentioned errors. The largest of these, ± 909, is still relatively insignificant compared to the magnitude of the diagonal terms.
If one neglects the relatively small terms due to arithmetic errors, the following diagonal matrix is obtained Now consider the modified finite element solution from NLBO.FOR, which utilized the directed force correction matrix. The two-element stiffness matrix generated is
The It should be noted that minor errors still occur during the computations (initial data errors, roundoff errors, truncation errors, relative errors. etc.). The examination of these errors is beyond the scope of this dissertation. It can be readily seen, however, that the largest of these error has been reduced an order of magnitude (from ± 909 to 81).
Neglecting the relatively small terms due to arithmetic errors, the following diagonal matrix is obtained Most importantly, the large erroneous term in the 3,3 position of the matrix obtained using the conventional finite element formulation is now identically zero, and the matrix has been properly diagonalized. Thus, adding [Kt FC , as developed in this dissertation, corrected the lack of rigid body rotation capability of the pre-loaded beam element, as well as provided the correct diagonalized stiffness matrix in the diagonalization/partitioning methodology used in finite element dynamic analysis. causes a lack of rigid body rotational capability of the geometric stiffness matrix. 2. The directed force (i.e., bow-string) problem was examined, since the force unbalance inherent in the other developments does not occur in this situation.
3. By considering the directed force problem at the global level, using traditional development of [Kg] 
